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We present a climate modeling approach to reproduce the rainfall patterns over Iran due to the climatic
forcings during the past 6000 years. The selected periods are simulated using a spatially high-resolved
atmosphere General Circulation Model (GCM). Our results show that the winter rainfall patterns over
Iran have changed due to the changes in solar insolation with a wetter condition starting around 3 ka BP
and reaching its maximum during the Medieval Climate Anomaly ca. 1 ka BP. The rainfall variability can
be explained by the changes in atmospheric conditions as a result of changing incoming solar irradiance
based on the Milankovitch theory. A shift in the Earth's energy budget leads to the modulation of the
West Asian Subtropical Westerly Jet (WASWJ). The investigations support the hypothesis that during the
Holocene a northward shift in the WASWJ contributes to the less cyclonic activities over Iran. This brings
less moisture into the region during the winter.
© 2015 The Authors. Published by Elsevier Ltd and INQUA. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Drastic climatic change was one of the major causes leading to
the abandonment of ancient populations and rise and fall of
different cultures in Iran especially at the fringe of the deserts
(Berberian et al., 2012). Iran, an area with a complex topography, is
located between arid Central Asia and the Mediterranean climate
zone. It covers an area of 1,648,000 km2 and is located in the region
separating the continental climate of west Asia fromMediterranean
climate. The Mediterranean climate governs large parts of Iran
which is affected by changes in Westerly activities. Thus, except for
the western parts and the northern coastal areas, Iran's climate is
mainly arid and semiarid (Raziei et al., 2005; Sodoudi et al., 2010).
In the inland area, the climate is characterized as continental hot
and dry with annual temperatures of 22 Ce26 C (Sodoudi et al.,
2010). The Siberian High and Southwestern branch of summer
Monsoon also contribute to the Iranian climate for the winter and
summer seasons, respectively. Themonsoon precipitation advances
to south-eastern Iran during June to August with the highest
amount of precipitation in June (Raziei et al., 2014). The ﬂuctuations
of theWesterlies equator-ward shift or strength lead to the climatic.
Ltd and INQUA. This is an open acc
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), http://dx.doi.org/10.1016/j.qchanges (more precipitation) in the westerly-dominated regions
(Chen et al., 2010).
Ancient cultures in Mesopotamia were highly tuned to the
availability of water resources. As an example, the archeological
evidence shows an abrupt collapse of the developed Akkadian
empire ca. 4.17 ± 0.15 ka BP (Cullen et al., 2000). This may be due to
a shift to arid conditions.
The ostracod fauna of Lake Mirabad suggests a low lake level
during the early Holocene and an increase during mid-Holocene
(Grifﬁths et al., 2001). There is a lack of knowledge on past
climate change in Iran compared to other regions of the globe (Kehl,
2009; Karimi et al., 2011). Kehl (2009) reviewed the state of the
paleoclimate knowledge in Iran. He concluded that there is evi-
dence of several Quaternary climate changes in this region. During
interstadials of the Last and Penultimate Glacials, moisture
increased over Iran. The climate of western Iran during the Younger
Dryas and the Lower Holocene was probably characterized by dry
climatic conditions (Kehl, 2009). However, their timing and loca-
tion are controversial.
According to Djamali et al. (2009), human activity became more
evident after 3.7 ka BP. Using geologic, geomorphic and chronologic
data from the Qazvin Plain in northwest Iran, Schmidt et al. (2011)
studied the cultural dynamics in the Central Iranian Plateau during
the Holocene. Their multiproxy data suggest a peak in aridity at ca.
4550 BP in northwest of Iran which seems to be shifted from the
“4.2 ka BP” drought event (Staubwasser et al., 2003).ess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. Topography in meter over the study region. Cyan line indicates the recent time
Iranian political boarder. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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ulations of the Holocene: (i) transient low resolution comprehen-
sive coupled AtmosphereeOcean General Circulation Models
(AOGCMs) and (ii) highly resolved Atmosphere only General Cir-
culation Models (AGCMs) for the selected episodes, the “time-slice
simulations” (Berking et al., 2013). This is due to the high compu-
tational costs of the available computing systems that the second
approach cannot be applied for the longer time periods (e.g. several
thousand years). For producing a detailed climatic data which is
comparable with the local proxy information, a downscaling
technique is required. In this study we use a state-of-the-art AGCM
to carry out the time-slice experiments for the Mid-to-late Holo-
cene. The focus of our study is the climatic response to external
forcings of the climate system sinceMid-Holocene to present day in
Iran.
To our knowledge, this is the ﬁrst study using a combination of
AOGCM and AGCM models with a time-slice approach to simulate
the rainfall changes over Persian region for the period of Mid-
Holocene to present time. Different selected time-slices are simu-
lated by using a spatially ﬁner resolved AGCM.
2. Materials and methods
In this paper, we used the ECHO-G model which consists of the
atmospheric model ECHAM4 (Roeckner et al., 1996) and the ocean
model HOPE (Wolff et al., 1997), at a spectral resolution of T31
(~3.7  3.7 at Eq.). The ECHO-G model has already been used in
several studies (Zorita et al., 2005; Wagner et al., 2007; Strandberg
et al., 2014). However, the horizontal resolution of the ECHO-G does
not capture local patterns over Iran (totally 24 grid points within
the domain).
Therefore, we utilized the “time slice simulations” technique
(Cubasch et al., 1995; Berking et al., 2013) for reproducing the
rainfall patterns over Iran. These simulations have been successfully
applied for a climate-archaeological study over Sudan to reproduce
heavy rainfall regimes in the ancient city of Naga (Berking et al.,
2013). Twelve 30 year-long simulations for six different periods
throughout the last 6000 years have been performedwith the ﬁfth-
generation atmospheric general circulation model (ECHAM5) at
two spectral horizontal resolution of T63 (~1.8  1.8 at Eq.) and
T106 (~1.125  1.125 at Eq.). The lateral boundary conditions, Sea
Surface Temperature (SST) and sea-ice cover distribution from the
transient simulation of Wagner et al., 2007 (coupled ocean
atmosphere model ECHO-G) are prescribed for time-slice experi-
ments with ECHAM5 model. The climate forcings for ECHAM5
simulations are identical to the ECHO-G model set-up.
3. Results
3.1. Present time
The geographical distribution and the topography of the study
area is shown in Fig. 1. The Iranian plateau is the continuation of the
Tibetan Plateau. The topographical forcing plays a major role in the
diverse climate of Iran (Sodoudi et al., 2010). Fig. 2 shows the
climatology of seasonal rainfall over Iran from Global Precipitation
Climatology Centre (GPCC) data-set provided by the NOAA/OAR/
ESRL PSD, Boulder, Colorado, USA, from their Web site at http://
www.esrl.noaa.gov/psd/. There is a clear seasonal rainfall vari-
ability over Iran, especially between summer (Fig. 2(a)) and other
seasons (Fig. 2(b)e(d)). The complex topographical condition
which contains the Alborz range in the north and the Zagros
mountains in the west and northwest and the latitudinal extent of
Iran lead to the spatio-temporal variability of rainfall over this
region.Please cite this article in press as: Fallah, B., et al., Towards modeling the re
6000 years, Quaternary International (2015), http://dx.doi.org/10.1016/j.q3.2. ECHO-G simulations
According to Sundqvist et al. (2010) and Zhang et al. (2010), the
changes in orbital forcing are themajor driver of the climate change
during the Holocene. The insolation due to orbital forcing shows
different anomalous pattern during winter and summer from Mid-
Holocene to present time. Fig. 3 shows the insolation difference
between Mid-Holocene and present time. The Northern Hemi-
sphere shows a positive insolation anomaly during summer (JJA)
and a negative anomaly during winter (DJF). Given that the extreme
anomalies in solar insolation between 6 ka BP and present time
happen during summer and winter, we focus on these seasons in
our analysis.
Fig. 4 presents themean summer (JJA) rainfall (mm/month) over
Iran region [25 N41 N; 42.5 E65.5 E] for 6 KBP to Pre-
Industrial (PI) (blue line) from ECHO-G simulation and the solar
insolation [W/m2] at 31 N on 15th July (red line). During summer,
the rainfall ﬂuctuations over Iran region show a clear decrease from
Mid-Holocene to present time. This can be explained by the
changes in solar insolation due to varying orbital forcing. This result
agrees well with the “moderate drying trend” from the study of
Lauterbach et al. (2014) based on reconstructions of summer
moisture using a sediment core from central Kyrgyzstan. By syn-
thesizing the lake sediment records of mid-latitude arid Central
Asia, Chen et al. (2008) found a moderate drying trend since the
Mid-Holocene, caused by the Westerlies. They concluded that the
summer insolation might be the major driver in controlling the
moisture changes in arid Central Asia during mid-and late
Holocene.
For winter, this pattern is reversed and the rainfall shows an
increase since the Mid-holocene until present (Fig. 5). In contrast
with the summer, the solar insolation indicates an increasing trend
from Mid-Holocene until the present.
The time-series of rainfall from Mid-Holocene to present time
show that during the Mid-Holocene (ca. 6 ka BP) the summer
rainfall value was larger thanwinter. This regime is reversed for the
recent observed climate (Fig. 3).
3.3. ECHAM5 simulations
The recent climate simulation of ECHAM5 reproduces similar
large rainfall patterns as in GPCC but with about 4 (mm/moth)
over-estimation in area-averaged rainfall during winter (notgional rainfall changes over Iran due to the climate forcing of the past
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Fig. 2. Rainfall [mm/month] over Iran for (a) Spring (MAM), (b) Summer (JJA), (c) Autumn (SON) and (d) Winter (DJF) from GPCC VASClimo for 1951e2000.
B. Fallah et al. / Quaternary International xxx (2015) 1e10 3shown). This bias can be explained by the coarse spatial distri-
bution of observational stations used by GPCC or the model's
systematic errors (e.g., parametrization schemes). In order to
investigate the spatio-temporal rainfall changes in Iran throughout
the past 6000 years, the differences between the time-slice sim-
ulations and the pre-industrial (200 BP) simulation is shown for
winter and summer seasons (Fig. 6). This will remove the modelFig. 3. Insolation difference (W/m2) between Mid-Holocene and present day (6 ka
BPe0 ka BP) due to changes in orbital parameters. The area between the dashed lines
indicates the latitudinal expansion of Iran.
Please cite this article in press as: Fallah, B., et al., Towardsmodeling the re
6000 years, Quaternary International (2015), http://dx.doi.org/10.1016/j.qbias in the anomalies. The results from the ECHAM5 simulations at
T106 horizontal resolution are shown. The pre-industrial era has
been selected to exclude the human-induced climate change
period due to the recent anthropogenic forcing. During summer,
the rainfall anomalies present similar patterns for all time-slices
with minor changes over the southeast corner of Iran and
Pakistan. The rainfall pattern shows the extended part of Asian
summer monsoon rainfall that covers southeastern Iran. The
negative rainfall anomaly over Southeastern Iran may be
explained with the increased break monsoonal phases during
recent climate (Fallah and Cubasch, 2015; Fallah and Sodoudi,
2015) which contributes to more precipitation over this region
of Iran. Using the European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis ERA-40 data set (Uppala et al.,
2005), Turner and Hannachi (2010) showed that, there is an ex-
istence of negative outgoing long-wave radiation composite
anomalies (more convective activities) over the southeast corner
of Iran in the “break phases” of Indian summer monsoon. The
simulated All Indian Monsoon Rainfall (AIMR) index from ECHO-G
simulations presents a similar trend as the mid-July solar insola-
tion over 25 N during the past 6000 years.
During winter, the rainfall anomalies are more distinct for the
different time-slices. In the following, we investigate the possible
drivers of such anomalous winter rainfall patterns throughout the
past 6000 years. The rainfall over elevated regions of Iran pre-
sented a distinct pattern during winter throughout the past 6000
years. While the rainfall pattern over the central part of the
country remained unchanged. This may be due to the orographical
impacts on the westerly atmospheric currents over Iran during the
winter.gional rainfall changes over Iran due to the climate forcing of the past
uaint.2015.09.061
Fig. 4. Rainfall over Iran [42.5 Ee65.5 E; 25 Ne41 N ] for 6 ka BP to present (blue line) and the solar insolation [W/m2] at 31 N (red line) from ECHO-G simulation during (a)
Summer (JJA) and (b) Winter (DJF). Time-series are smoothed using 201 years running mean. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 5. The 30-y mean summer rainfall differences [mm/month] over Iran for (a) 1 minus 0.2 ka BP, (b) 2 minus 0.2 ka BP, (c) 3 minus 0.2 ka BP, (d) 4 minus 0.2 ka BP and (e) 6 minus
0.2 ka BP.
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According to Holton and Hakim (2012), the ﬂuctuations of
time-averaged jet stream from zonal symmetry are important
features of general circulation in Northern Hemisphere. The
maximum jet speed during the winter (located at ~30 N) is twice
as large as during the summer (located at ~40e45 N) in the
Northern Hemisphere. The largest time-mean anomalies of
longitudinally averaged zonal ﬂow are located around 30 N, east
of the North American and Asian continents and north of the
Arabian Peninsula (Holton and Hakim, 2012). Jets consist of
strong vertical and horizontal shears that may lead to growing
instabilities with their relevant weather characteristics. The small
perturbations of the jet stream may lead to ampliﬁcation or
drawing of energy from the jet (“baroclinic instability”, see.
Holton and Hakim, 2012). The existence of baroclinic instability is
a major factor in developing the midlatitude's synoptic-scale
systems.Fig. 6. The 30-yr mean winter rainfall differences [mm/month] over Iran for (a) 1 minus 0.2
0.2 ka BP.
Please cite this article in press as: Fallah, B., et al., Towardsmodeling the re
6000 years, Quaternary International (2015), http://dx.doi.org/10.1016/j.qWe apply the Maximum Covariance Analysis (MCA) (Bretherton
et al., 1992) to obtain the pair of covariance pattern estimates be-
tween the rainfall and 250 hPa zonal wind and corresponding time-
series. MCA has been used in several studies to capture the corre-
lated modes of variation within pairs of climate variables
(Bretherton et al., 1992; Dai, 2013; Fallah and Cubasch, 2015). Prior
to MCA, all the monthly averaged data of different time-slices have
been merged to a single data-set. The two leading MCA modes
contain 90% of explained Squared Fractional Covariances (SFC). The
ﬁrst MCA contains 56% of SFC and the second one 34%, indicating
that most of the variances are explained by these two modes.
Fig. 7 shows that the ﬁrst MCA mode (MCA1) of rainfall is
remarkably similar to the maximum winter rainfall pattern over
Iran. MCA1 of zonal wind presents a dipole pattern with a
maximum core over the North Arabian peninsula and Persian Gulf
and a negative maximum loading over the west-north Caspian Sea.
Time expansion of these patterns shows a signiﬁcant correlation of
0.45.ka BP, (b) 2 minus 0.2 ka BP, (c) 3 minus 0.2 ka BP, (d) 4 minus 0.2 ka BP and (e) 6 minus
gional rainfall changes over Iran due to the climate forcing of the past
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Fig. 7. MCA results for the two leading MCA modes (SFC ¼ 56% and SFC ¼ 34%) of winter zonal wind anomaly at 250 hPa and total rainfall for all simulations: (a) the ﬁrst MCA
pattern of rainfall, (b) the ﬁrst MCA pattern of jet, (c) the second MCA pattern of rainfall and (d) the second MCA p.
B. Fallah et al. / Quaternary International xxx (2015) 1e106The second MCA mode (MCA2) presents a dipole pattern for
rainfall with a negative sign over Central Zagros and a positive sign
over East Turkey. The MCA2 of zonal wind shows a positive center
over northwest Iran. Time-series of these patterns show a signiﬁ-
cant correlation of 0.64.
The westerly currents over the V-shaped topography over Iran
with Alborz Mountain range extending from west to east in the
north, and the ZagrosMountain range extending from northwest to
southern Iran, tend to select three different pathways (green vec-
tors (in the web version) in Fig. 7(b) and (d)). Under different
WASWJ instability conditions, the westerly current will ﬂow in one
of the three trajectories: (1) north, (2) south, and (3) center.
We analyzed the regime behavior of the westerly Jet stream by
investigating the time-series of the coupled modes (MCA1 and
MCA2) throughout the past 6000 years. In order to detect the
changes in mean state of the WASWJ, the Kernel (Bowman andTable 1
Chi-square test of PDF estimate shifts of different time-slices for MCA1 and MCA2 of WA
signiﬁcance level, respectively. Red stars indicated MCA1 and blue MCA2.
6 ka BP 4 ka BP 3 ka B
6 ka BP - * -
4 ka BP - - **
3 ka BP * ***
2 ka BP ** *** ***
1 ka BP *** *** **
0.2 ka BP * - ***
Please cite this article in press as: Fallah, B., et al., Towards modeling the re
6000 years, Quaternary International (2015), http://dx.doi.org/10.1016/j.qAzzalini, 2004) Probability Density Function (PDF) of MCA modes
of WASWJ and rainfall are shown in Fig. 8(a)e(d). PDF estimates of
MCA1 andMCA2 ofWASWJ present normal distributions. However,
the center of the PDF is shifted from the present time to 6 ka BP. PDF
estimates of MCA1 and MCA2 of rainfall present non-Gaussian
distribution with a skewness to the negative values and a peak in
positive values (Fig. 8(c) and (d)). Fig. 8(e) illustrates the PDF cen-
ters (maximum probabilities) for each simulation. The linear trend
of the time-series agrees well with the time-series of solar insola-
tion and rainfall index from ECHO-G model (Fig. 4). Tables 1 and 2
show the signiﬁcance of PDF's shifts between different MCA time-
series using the chi-square test. During 3 ka BP, the MCA2 of
WASWJ shows a negative maximum which can explain the dipole
pattern in Fig. 6 during this episode. The reduced rainfall pattern
over ZagrosMountains during 4 ka BP (Fig. 6) can be explainedwith
the most negative shift of MCA1 of WASWJ.SWJ. *, ** and *** indicate that the test rejects the null hypothesis at 5%, 1% and 0.1%
P 2 ka BP 1 ka BP 0.2 ka BP
- - ***
* ** **
- - ***
- - ***
** - ***
*** ** -
gional rainfall changes over Iran due to the climate forcing of the past
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Chi-square test of PDF estimate shifts of different time-slices for MCA1 and MCA2 of rainfall. *, ** and *** indicate that the test rejects the null hypothesis at 5%, 1% and 0.1%
signiﬁcance level, respectively. Red stars indicated MCA1 and blue MCA2.
6 ka BP 4 ka BP 3 ka BP 2 ka BP 1 ka BP 0.2 ka BP
6 ka BP - *** *** *** *** ***
4 ka BP * - - ** * **
3 ka BP *** *** - ** * -
2 ka BP *** *** *** - *** **
1 ka BP *** *** *** *** - ***
0.2 ka BP *** *** *** *** *** -In order to clarify the regime shifts between different episodes,
we show the linear composite of MCA1 and MCA2 (MCA1's
pattern  MCA1's time-series þ MCA2's pattern  MCA2's time-
series) for the WASWJ (Fig. 9). These modes explain most of the
variabilities. Therefore, we exclude the small perturbations byFig. 8. The Kernel PDF estimate of MCA time-series for (a) MCA1 of WASWJ, (b) MCA2 of WA
model simulations. Bars indicate the estimated variability of the central value from the PD
Please cite this article in press as: Fallah, B., et al., Towardsmodeling the re
6000 years, Quaternary International (2015), http://dx.doi.org/10.1016/j.qchoosing these two leadingmodes. Fig. 9f shows that during 6 ka BP
the WASWJ was located far in the north (at ~54 N). The WASWJ
was located north of the domain between the Black Sea and Cas-
pian Sea (at ~45 N) during 4 ka BP. The WASWJ shows a “tipping
point” in its shift with a combination of south and north trajectoriesSWJ, (c) MCA1 of rainfall and (d) MCA2 of rainfall. (e) The MCA PDF's regime shifts for
F.
gional rainfall changes over Iran due to the climate forcing of the past
uaint.2015.09.061
Fig. 9. Composite of leading two MCA patterns for different time-slices (aef).
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trajectory (at ~35 N).
4. Discussion and conclusion
Climate simulations of the past 6000 years were designed using
a “time-slice” modeling approach. Due to the computational con-
straints, only a series of high resolution AGCM time-slice experi-
ments could be performed instead of a continuous simulation over
the past 6000 years with a coupled AOGCM at comparable reso-
lutions. Here, a single model simulation is conducted for each
selected time-slice. Using an ensemble of model simulations for the
selected time-slices will increase the creditability of the results.
By averaging the climatic features over a long enough period of
time (totally 180 years covering 6 time episodes), we investigated
the mean state of the past climate over Iran due to changes in the
external forcings. The results reveal that the summer rainfall pre-
sents a similar pattern for all time-slices with little changes over
Southeast Iran. Rainfall changes over southeastern Iran are mostly
associated with the extended monsoon activity. In contrast to the
summer rainfall, the winter rainfall patterns show a clear shift from
dry conditions during 6 ka BP to wetter spells during 1 ka BP. This
suggests a probable “tipping point” between the two regimes
which occurred in 3e4 ka BP coincident with the so called “4.2 ka
climate event” (Thompson et al., 2002; Marchant and
Hooghiemstra, 2004; Booth et al., 2005; Liu and Feng, 2012). The
inter-annual variations of solar insolation, contribute to regional
changes of solar energy absorbed by the surface of the Earth. This
may modulate the temperature gradients and the strength or
location of the jet stream. Therefore, we analyzed the behavior of
westerly subtropical jet stream as a proxy for cyclonic activity and
moisture transport during winter seasons over Iran region
throughout the past 6000 years. Previous studies show that the
early Persians, who originated from shores of Caspian Sea, settled in
the Iranian plateau ca. 3.700 ka BP (Durant, 1954; Shoja and Tubbs,
2007), in a phase when the WASWJ is shifted southward and the
rainfall enhanced over Iran.
There is an evidence of similar WASWJ shift to PI during the 1 ka
BP coincident with the Medieval Climate Anomaly (ca. 1 ka BP to
0.7 ka BP, Chen et al., 2010). The perturbations of zonal ﬂow show
an increasing trend since 6 ka BP to PI, indicating an enhanced
cyclonic activity over Iran. A regime shift in the WASWJ during 3 ka
BP contributed to the dipole pattern in the rainfall anomaly with
positive sign over southwest Iran and a negative sign over north-
west Iran. The simulations suggest that the WASWJ preferred a
northward shift before 3 ka BP and a southward shift after 3 ka BP.
This supports the hypothesis of Chen et al. (2010) that a southward
shift of WASWJ leads to increased rainfall over the arid Central Asia
due to more frequent mid-latitude cyclone activities. We suggest
further investigations, such as model-proxy comparisons, to shed
light on the mystery of moisture changes over Iran during the
historical dry or wet spells.
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